The ladder-type polyimide, polypyrrolone (PPL), nanofibers were prepared by an electrospinning of precursor polymer and followed thermal ring-closing reaction. Ion-beam irradiation on the electrospun PPL nanofibers gave carbon nanofibers. The electrical conductivities of PPL nanofibrous membranes after ion-beam irradiation were lower than those of conventional polyimide (6FDA-6FAP) nanofibrous membranes due to their thick fiber diameters and shallow ion penetration. However, results of dense membranes and Raman spectra revealed that the ladder structure of PPL had advantages in carbonization and graphitization to give higher electrical conductive materials.
Introduction
Carbon fibers possessing an excellent electrical conductivity and high mechanical strength are candidates for novel electrode materials for flexible and lightweight electronic devices [1] . Conventional carbon fibers are commercially prepared from precursors, such as polyacrylonitrile, and are carbonized at high temperatures; however, these carbon fibers typically have their diameters ranging from 1 to 100 m and poor formability for use in electronic devices [2, 3] . As against microfibers, nanofibers prepared through an electrically charged jet of a polymer solution/melt (electrospinning) have received a lot of attentions [4] . We have succeeded in preparing uniform non-beaded nanofibers with their diameters of approximately 30 nm by controlling the electrospinning parameters [5] . The configuration of nanofiber assembly can be also controlled from non-woven nanofibrous membrane to aligned nanofibers [6] . Applications of functional nanofibers for catalyst and fuel cell materials have also been reported [7, 8] . Most recently, we first attempted electrospun polyimide nanofibers for electrical conductive materials by a carbonization method using ion-beam irradiation [9] .
Ion-beam irradiation has been recognized as an effective method for the synthesis, modification, and fabrication of materials including polymers [10] . Since irradiated ions penetrating into a polymer material lose energy by consecutive interactions between the ions and the polymer, there is a gradual modification in the structure and morphology to yield electrical conductive carbonized layers on the surface of the polymer materials. Ion-beam irradiation on electrospun polymer nanofibers enhanced their electrical conductivities up to ca. 10 -1 S/cm [9] . The ion-beam irradiated nanofibrous membranes had an excellent formability and workability due to the flexibility of the remaining flexible polymer nanofibrous layers under the carbonized surface. Although these flexible carbonized nanofibers are promising materials for future electronic devices, further enhancement of electrical conductivities is required for practical applications using the carbonized nanofibrous membranes. The electrical conductivities of the carbon nanofibers prepared by ion-beam irradiation strongly depend on chemical structure and packing state of the polymer as well as ion type and energy of the incident ions [9] .
In this paper, we focused on ladder-type polyimide, synthesized from a tetra-amine monomer and a bis-dicarboxylic anhydride monomer [11] , to obtain higher electrical conductive nanofibrous membranes by ion-beam irradiation. Ladder polymers are characterized by many valuable and important properties based on fused aromatic ladder-structured rings. Such polymers have found a wide range of applications as high performance materials, owing to their unique optical and electrical characteristics as well as their excellent thermal and dielectrical properties [12] . This paper reports electrical conductivities of ion-beam irradiated ladder-type polyimide nanofibers by comparing those of conventional polyimide nanofibers as well as those of the corresponding polymer dense membranes.
2.3. Nanofiber preparation PAAA was dissolved in anhydrous DMAc with an appropriate concentration (42wt%). The polymer solution was charged to a glass syringe equipped with a metal spinneret to set for the electrospinning apparatus (ES-1000, Fuence Co., Ltd., Saitama, Japan). Electrospinning conditions, such as an applied voltage, a feeding rate of the polymer solution, a distance between the spinneret and grounded collector plate, and a relative humidity (RH) in the apparatus, were carefully investigated to produce steady uniform nanofibers. Finally, the electrospun nanofibrous membranes were dried in vacuo at 60°C for 10 h to remove the residual solvent from the fabricated nanofibers. 6FDA-6FAP electrospun nanofibrous membranes were also prepared by a similar procedure. 2. Experimental 2.1. Materials.
2,2'-Bis(3,4-dicarboxyphenyl)hexafluoropropane dianhydride (6FDA) and 2,2'-bis(4-aminophenyl) hexafluoropropane (6FAP) were obtained from Central Glass (Saitama, Japan). 6FDA was purified by sublimation and 6FAP was recrystalized twice from an ethanol solution before use. 3,3'-diaminobenzidine (DAB) was purchased from Sigma-Aldrich Co. (Milwaukee, WI), and was purified by recrystallizing from water in the presence of activated carbon before use. All other chemicals were purchased from the Kanto Chemical Co. (Tokyo, Japan) and were used as received.
Nanofiber morphology was evaluated using a scanning electron microscope (SEM, JXP-6100P, JEOL, Tokyo, Japan). To determine the nanofiber diameter, at least five pictures and twenty five nanofibers were evaluated.
Dense membrane preparation.
PAAA and 6FDA-6FAP dense membranes were prepared using a solvent-cast method. A 10wt% DMAc solution of PAAA was carefully cast on a glass plate, and the plate was then placed in a vacuum oven at 75°C for 10 h to slowly remove most of the solvent. The thickness of the dense membranes was approximately 50 m. The 6FDA-6FAP dense membrane was obtained by a similar procedure.
Polymer synthesis
Poly(amic amino acid) (PAAA) was synthesized as follows: In a three-neck flask equipped with a magnetic stirrer, 3.25 g (15.2 mmol) of DAB and 213 ml of anhydrous N,N-dimethylacetamide (DMAc) were added and stirred at room temperature under nitrogen atmosphere. In another three-neck flask, 6.75 g (15.2 mmol) of 6FDA and 213 ml of anhydrous DMAc were added and stirred at room temperature under nitrogen atmosphere. After each DAB and 6FDA was completely dissolved, the 6FDA solution was poured dropwise into the DAB solution using a dropping funnel under nitrogen atmosphere. The solution was stirred at room temperature for 1 h and was then precipitated in ethanol. After collecting and washing with ethanol, the obtained PAAA was dried in a vacuum oven at 60°C for 10 hr.
Thermal ring-closing reaction of PAAA.
The PAAA electrospun nanofibrous membranes and PAAA dense membranes were put in a tubular electric furnace. After purging with nitrogen for 30 min, the temperature was elevated to 450°C at 200°C/h, and then was held at 450°C for 1 h before cooling. Progress of ring clothing reaction and ladder structure formation was evaluated by a FT-IR 6100V spectrometer (JASCO, Tokyo, Japan).
Ion-beam irradiation.
Polyimide, 6FDA-6FAP, was also synthesized by chemical imidization of poly(amic acid) precursors as reported in a literature [13] .
Ion-beam irradiation was carried out on a 2×2 cm 2 surface area on the electrospun nanofibrous membranes and the dense membranes by a Riken ion implanter (Riken, Saitama, Japan). In this study, Kr + was used as ion species, and the ion irradiation was carried out at energy of 150 keV and ion-current density of 0.05 A/cm 2 for nanofibrous membranes and 0.1 A/cm 2 for dense membranes at a fluence ranging from 1×10 15 to 5×10 15 ions/cm 2 . The ion-beam currents were monitored by a Faraday cup, and the fluences were controlled by the beam current and the irradiation time. Chemical structural changes after the ion-beam irradiation was characterized by Raman spectroscopy (LabRam, Jobin Yvon, Tokyo, Japan) The Raman spectra were observed using a He-Ne laser with a wavelength of 632.82 nm.
Results and discussion

Measurement.
Electrical conductivity of electrospun nanofibrous membranes was evaluated by the four-probe method using a resistance meter (Loresta GP MCP-T610, Mitsubishi Chemical Analytech Co., Ltd., Tokyo, Japan) at room temperature. The resistance values measured by the four-probe resistance meter were converted to electrical conductivity by using the thickness of the practical conducting layer that is a depth of incoming irradiated Kr + into polymers. The depth was calculated by TRIM (TRansport of Ion in Matter) simulation [14] . TRIM 98 (IBM Research, New York, USA) was used for the depth profile simulation of irradiated ions into polymers according to our previous paper [9] .
The precursor of ladder-type polyimide, poly(amic amino acid) (PAAA, Scheme 1), was synthesized by polycondensation of tetra-amino monomer (DAB) and bis-dicarboxylic anhydride monomer (6FDA) under a mild condition to prevent from ring-closing reaction to yield poorly-soluble poly(amino imide) (PAI) or polypyrrolone (PPL). The formation of PAAA was confirmed by FT-IR spectroscopy. A typical peak at 1717 cm -1 was assigned to C=O stretching vibration of the amide moieties in the PAAA (Fig. 1(a) ). Electrospinning was carried out by using a DMAc solution of PAAA instead of PAI or PPL because these polymers had low solubility in any solvents suitable for the electrospinning. After optimizing the conditions, we revealed that uniform PAAA nanofibers were obtained from the following parameters: Solution concentration, applied voltages, feeding rate, distance between the spinneret and the collector, and relative humidity were 42wt%, 15 kV, 0.12 ml/hr, 10 cm, and 5±2%RH, respectively. The electrospun nanofibers prepared form the optimized conditions were uniform without any beads, and the mean diameter of PAAA was 545±93 nm (Fig. 2(a) ). The 6FDA-6FAP nanofibers (364±35 nm) were also prepared based on the optimized condition reported in our previous papers [6, 9] . The PAAA nanofibers were converted to ladder-type polyimide nanofibers by a thermal treatment. At around 250°C under nitrogen atmosphere, ring-closing reaction occurs to form imide bonds by a dehydration reaction from PAAA to PAI. Higher temperature treatment at above 300°C yields further dehydration reaction to give the ladder-type polyimide, PPL, by reacting amino groups with imide moieties [15] . In this study, thermal treatment was carried out at 450°C to obtain highly ring-closed ladder structures. The color of the nanofibers changed from yellow to dark brown through the thermal treatment. FT-IR spectroscopy showed decreasing of the peak at 1717 cm -1 attributed to C=O stretching vibration of the imide moieties in the PAAA and appearance of new peaks at 1725-1752 and 1618 cm -1 assigned to C=O and C=N stretching vibration of the ladder moieties in PPL, respectively ( Fig. 1(b) ) [16] , indicating the formation of ladder structures by the thermal treatment. Fig. 2(b) shows the SEM image of the electrospun PPL nanofibers where the fiber diameter was reduced from 545±93 nm (PAAA) to 467±130 nm via dehydration.
Ion-beam irradiation is a physicochemical surface-modification process, and the ion depth through the polymers is regulated by changing the ion species and its energy. In this study, ion irradiation was performed on the electrospun polymer nanofibrous membranes, and Kr + was chosen as an ion species based on our previous study [9] . Irradiating ions penetrating into the electrospun polymer nanofibers lose energy by several interactions between the ions and the polymer. From the TRIM simulation, Kr + in PPL and 6FDA-6FAP irradiated at 150 keV completely loss the electronic and nuclear energies at ca. 230 nm depths. Fig. 3 shows the SEM images of the electrospun 6FDA-6FAP and PPL nanofibers before and after ion-beam irradiation. The images after ion-beam irradiation also show flat and smooth external appearance similar to the non-irradiated pristine nanofibers. Since the ion-beam irradiation is a surface modification method unlike thermal treatments at high temperatures, the damages on the nanofibers are limited. The SEM images of the PPL nanofibers after 150 keV Kr + irradiation at 5.0×10 15 ions/cm 2 revealed that the nanofiber diameters were reduced from 467±130 (non-irradiated nanofibers) to 370±89 nm. On the other hand, the diameters of 6FDA-6FAP nanofibers were 364±35 nm (before irradiation) and 294±31 nm (after irradiation). It is considered that carbonization occurs in these polymer nanofibers, and non-carbon elements, such as nitrogen and fluorine, were desorbed from the nanofibers by the ion irradiation to reduce the nanofiber diameters. Electrical conductivities of electrospun nanofibrous membranes were evaluated by the four-probe method using a resistance meter. Although the thicknesses of obtained electrospun nanofibrous membranes were several micrometers, the bottom layers composed of the non-irradiated pristine polymer nanofibers have little electrical conducting properties. The surface resistivity (/sq.) measured by the four-probe resistance meter were converted to electrical conductivity (S/cm) by using the thickness of the practical conducting layer that is a depth of incoming irradiated Kr + into polymers. The electrical conductivities of electrospun polymer nanofibrous membranes and the corresponding dense membranes after ion irradiation at various ion fluences were summarized in In order to analyze the carbon structures of PPL nanofibers after ion-beam irradiation, Raman spectroscopy was applied to the electrospun nanofibrous membranes (Fig. 4) . The Raman spectra of ion-beam irradiated 6FDA-6FAP and PPL nanofibrous membranes shows two broad peaks, which are well-known to correspond to the disorder carbon (D-band) and graphitized carbon (G-band) at 1360 and 1590 cm -1 , respectively. Though the peak ratio of G-band was same or less than that of D-band in the 6FDA-6FAP nanofibrous membranes after ion-beam irradiation, G-band of PPL nanofibrous membrane after ion-beam irradiation was larger than the D-band. These results indicated that the carbonization and graphitization of PPL proceeded superior to 6FDA-6FAP by the ion-beam irradiation. Electrical conductivity results of PPL dense membranes after ion-beam irradiation supported this characteristic that PPL ladder structure was of advantages on higher electrical conductivity ( Table 1) . The reasons why the PPL nanofibrous membrane shows extremely low electrical conductivities are considered to be derived from their fiber diameters and depth of incoming irradiated Kr + into polymers. In this study, diameter of PPL nanofibers (467 nm) was much larger than the thickness of practical conducting layer (230 nm) formed by the ion-beam irradiation. Therefore, connectivity of electrical conductive area in the PPL nanofibers may be limited to show extremely low electrical conductivity. Optimization of the nanofiber diameters and ion-beam irradiation conditions will give higher electrical conductive materials from the ladder-type polymer nanofibers. 
Conclusion
The ladder-type polyimide, PPL, nanofibers were prepared by the electrospinning of the precursor polymers and followed thermal treatment. Ion-beam irradiation on the PPL dense membranes gave higher electrical conductivities than the conventional polyimide (6FDA-6FAP) dense membranes because of the fused aromatic ladder structures. The electrical conductivities of PPL nanofibrous membranes after ion-beam irradiation were lower than those of polyimide nanofibrous membranes due to their thick fiber diameters and shallow ion penetration. However, results of dense membranes and Raman spectra revealed that the ladder structure of PPL had advantages in carbonization and graphitization to give higher electrical conductive materials.
